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This article is dealing with the design of novel segmented polymers comprising homopoly-
mer and random copolymer building blocks designated as block-random. This type of poly-
meric materials can be prepared through macromolecular engineering by using controlled
polymerization methods. By replacing a homopolymer block with a random one, in block
copolymer topologies, further tuning of the copolymer properties can be achieved. The pres-
ent article highlights the recent developments on block-random segmented macromole-
cules, bearing building blocks of tunable properties (e.g. thermo-sensitivity (LCST),
hydrophobicity) and exhibiting responsive behavior in aqueous environments. Furthermore,
preliminary novel results regarding pH-sensitive segmented macromolecules of various
topologies, bearing random polyampholyte blocks among others, are also demonstrated
and discussed.
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NC-ND license.1. Introduction
Oneof themost important achievements ofmacromolec-
ular chemistry is the preparation of tailor-made block
copolymers with speciﬁc macromolecular architecture/
topology, chemical composition/functionality and low
molecular polydispersity and heterogeneity. The beauty of
these macromolecular species is that, in most of the cases,
they self assemble to nanostructured polymeric materials
carrying the properties of the parent homopolymer blocks
they originate from. The huge interdisciplinary endeavor,
dedicated to the development of block copolymers through
the lastdecades, is justiﬁed fromthedefensibleexpectations
for novel applications in advanced technologies such as
nanotechnology [1] and biomedicine [2].
In order to control the macromolecular characteristics
of a block copolymer, special synthetic procedures named
‘‘living” polymerization methods were developed from
the mid-1950s, after the pioneering work of Szwarc in an-
ionic polymerization [3].
More recently, attempts to control the free radical
mechanism, i.e. minimize the chain transfer and
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polymerization methods namely: atom transfer radical
polymerization (ATRP) [4], nitroxide mediated radical
polymerization (NMRP) [5] and reversible addition frag-
mentation chain transfer polymerization (RAFT) [6]. All
these synthetic tools have expanded our potentials to cre-
ate a large variety of novel macromolecular architectures
by combining more and more different blocks to more
and more complex topologies [7–11] in a single macromol-
ecule that carries combined functionalities and thus novel
intriguing properties.
Well-deﬁned block copolymers bearing pure homo-
polymers and random copolymers as building blocks, have
received an increasing attention the recent decade thanks
to the rapid development of controlled radical polymeriza-
tion methods that allow the design of random copolymers
by controlling their molecular features (chain length, com-
position, polydispersity). Thus, replacing a homopolymer
by a random copolymer building block, further tuning of
the copolymer properties can be attained. For instance,
‘‘smart” nanostructured polymeric micelles that respond
to temperature in aqueous environments require precise
control of the Lower Critical Solution Temperature (LCST)
of the thermo-sensitive block. This can be achieved by
adjusting the composition of a random copolymer building
block, composed of a monomer exhibiting a given LCST and
a comonomer of speciﬁc nature [12–16]. A nice example
was the control of poly(N-isopropylacrylamide) (PNIPAM)
LCST by copolymerization with propylacrylic acid (PrAA).
The LCST of the resulted random copolymer varied with
the PrAA content: at pH where the PrAA is hydrophobic,
LCST decreased upon increase of the PrAA content,
whereas at pH conditions in which PrAA is hydrophilic,
the opposite effect was observed [16].
The aim of the present feature article is to highlight the
recent developments on the ﬁeld of the design of seg-
mented macromolecules (block copolymers) bearing ran-
dom copolymers as building blocks of tunable properties
such as thermo-sensitivity (LCST), hydrophobicity, ampho-
tericity (isoelectric point, iep), light sensitivity, and so on.
This kind of segmented macromolecules, bearing at least
one random copolymer as building block, has been named
in several cases as block-random copolymer [17]. This term
should be adopted to distinguish them from the classical
block copolymers comprising pure homopolymer blocks.2. Synthetic methods and macromolecular topologies
Segmented polymers bearing at least one random
copolymer as building block can be synthesized through
two main routes: (a) synthesis of a block copolymer and
partial modiﬁcation of one of the blocks, (b) synthesis of
the random block by copolymerization of two different
monomers and covalently bonded with a homopolymer.
The ﬁrst route follows the principles of the synthesis of
classical block copolymers, i.e. sequential addition of
monomers or mechanistic transformation which can be
performed in a two-pot reaction. The second route can be
carried out in a one-pot multistep reaction in which copo-
lymerization of two monomers takes place in one of thesteps. Block-random copolymers and/or terpolymers have
been designed, comprising several macromolecular
architectures, either linear or branched ones, such as graft
or star-shaped (Scheme 1). Concerning the terminology: to
distinguish diblock topologies with respect to the number
of the involved monomers, the A-b-(A-co-B) type is
named diblock copolymer while the A-b-(B-co-C), diblock
terpolymer.
In the following, representative synthetic methods cover-
ing various polymerization mechanisms are demonstrated.
2.1. Synthesis of A-b-(B-co-C) by ATRP
Block-random diblock terpolymers of A-b-(B-co-C) type
bearing terpyridine moieties capable of developing metal
complexes were synthesized in a two-pot reaction by ATRP
[17]. In theﬁrst stage, apolystyrene-b-poly(t-butyl acrylate)
diblock copolymer precursor was prepared according to
Scheme 2. A postpolymerization acid hydrolysis yielded
the corresponding polystyrene-b-poly(acrylic acid), PS-
b-PAA. In the ﬁnal stage, partial functionalization of the
carboxylic acidgroupsbymeansof anamine-containing ter-
pyridine compound was conducted through peptide cou-
pling chemistry.
Poly(ethylene oxide)-b-poly[ethoxytri(ethylene glycol)
acrylate-co-(o-nitrobenzyl acrylate)], PEO-b-P(TEGEA-co-
NBA), diblock terpolymers were synthesized by ATRP
copolymerization of a mixture of TEGEA and NBA mono-
mers by using PEO-Br macroinitiator, as depicted in
Scheme 3 [18]. This terpolymer exhibits light sensitivity
since the nitrobenzyl group can be cleaved by UV
irradiation.
2.2. Synthesis of A-b-(A-co-B-co-C) by NMRP
NMRP was utilized to synthesize a block-random
diblock terpolymer bearing a PS block and a P(S-co-
AS-co-HS) random terpolymer. The synthetic procedure
(Scheme 4) comprises the synthesis of a block by using a
unimolecular alcoxyamine initiator. Subsequently, the
nitroxide end-functionalized PS was used to initiate a
monomer mixture of styrene and 4-acetoxystyrene (AS)
in the presence of camphor-10-sulfonic acid (CSA) as a rate
accelerating agent. The PS-b-P(S-co-AS) diblock copolymer
was modiﬁed to PS-b-P(S-co-AS-co-HS) (HS, hydroxysty-
rene) diblock terpolymer after partial cleavage of AS
moieties [19].
2.3. Synthesis of A-b-(B-co-C) by RAFT
Diblock and triblock copolymers composed of PS
and poly(2-hydroxy-ethyl methacrylate-co-2-(dimethyl-
amino)ethyl methacrylate), P(HEMA-co-DMA), were syn-
thesized by RAFT polymerization in a two-pot reaction
(Scheme 5). In the ﬁrst stage, a DMA/HEMA mixture was
polymerized by using cumyl dithiobenzoate as monofunc-
tional chain transfer agent (CTA) and 2,2-azobis(isobutyro-
nitrile) (AIBN) as a catalyst, in a molar ratio of CTA:AIBN
5:1. The resulted, end-functionalized by dormant specie
random copolymer, was used as macro-CTA for the
polymerization of styrene [20].
A-b-(B-co-C)
A-b-(A-co-B)
A-b-(A-co-B)-b-B
(A-co-B)-b-C-b-(A-co-B)
(A-co-B)-g-C C-g-(A-co-B)
core-[A-b-(B-co-C)]n
A-b-(B-co-C)-b-A
Scheme 1. Diversity of macromolecular topologies of block-random copolymers and terpolymers.
Scheme 2. Synthesis of the PS-b-P(AA-co-AAterpy) terpolymer by ATRP.
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Scheme 3. Synthesis of the thermo- and light-sensitive PEO-b-P(TEGEA-co-NBA) diblock terpolymer by ATRP and cleavage of the nitrobenzyl group by UV
irradiation.
Scheme 5. Synthesis of a PS-b-P(HEMA-co-DMA) diblock terpolymer by
RAFT.
500 C. Tsitsilianis et al. / European Polymer Journal 47 (2011) 497–510A triblock copolymer PS-b-P(HEMA-co-DMA)-b-PS was
also prepared by the same method by using 1,3-bis(2-(thi-
obenzoylthio) prop-2-yl)benzene as RAFT bifunctional CTA.
2.4. Synthesis of x-functionalized A-b-(B-co-C)-F by ROP
Disulﬁde end-functionalized poly(ethylene glycol)-b-
poly(ethyl ethylene phosphate-co-isopropyl ethylene
phosphate), MPEG-b-P(EEP-co-PEP), diblock terpolymers
were prepared by ring opening polymerization (ROP) by
using monomethoxy poly(ethylene glycol) (MPEG) as mac-
roinitiator and stannous octoate [Sn(Oct)2] catalyst accord-
ing to Scheme 6. In a second step, the terminal OHmoieties
reacted by thioctic acid, yielding the thioctate ester x-
functionalized MPEG-b-P(EEP-co-PEP) [21].
2.5. Synthesis of A-b-(B-co-C) by GTP
Group transfer polymerization (GTP) ofmethacrylicmono-
mers with similar reactivities has been involved for theScheme 4. Synthesis of PS-b-P(S-co-AS) and PS-b-P(S-csynthesis of block-randomterpolymersbysequential addition
ofmonomers inaone-pot reaction.Methoxy-cappedpoly(eth-
ylene glycol) methyl ether methacrylate (EGMA) and methylo-AS-co-HS) block-random copolymers by NMRP.
Scheme 6. Synthesis of MPEG-b-P(EEP-co-PEP) diblock terpolymers by ROP.
Scheme 7. Synthesis of the P(EGMA-co-MMA)-b-PDEA diblock terpolymer by GTP.
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functioned initiator. After the consumption of the monomers,
the ‘‘living” P(EGMA-co-MMA) precursor was used as macro-
initiator for the polymerization of 2-(diethylamino)ethyl
methacrylate (DEA) yielding the P(EGMA-co-MMA)-b-PDEA
diblock terpolymer (Scheme 7) [22].
The same polymerization method was utilized for the
preparation of star-shaped block-random terpolymers by
crosslinking reaction of the ‘‘living” P(DEA-co-MAA)-b-
PMMA diblock terpolymer with a bis-unsaturated mono-
mer (Scheme 8).2.6. Synthesis of A-b-(B-co-C) by FRP
Conventional free radical polymerization has been used
to prepare block-random terpolymers, constituted of
poly(ethylene glycol) (PEG) and poly(N-isopropylacrylam-
ide-co-(2-hydroxypropyl methacrylamide-lactate)) blocks,
PEG-b-P(NIPAM-co-(HPAM-lactate)) [23]. As seen in
Scheme 9, ﬁrstly a PEG macroinitiator named PEG2-ABCPA
was synthesized, using PEG, 4,4-azobis-(4-cyanopentanoic
acid) (ABCPA), 4-(dimethylamino)pyridinium-4-toluene-
sulfonate (DPTS) and N,N0-dicyclohexylcarbodiimide
(DCC). The PEG-b-P(NIPAM-co-(HPAM-lactate) diblock ter-
polymer was synthesized by radical polymerization using
the PEG2-ABCPA as initiator which produces two PEG
macroradicals. By hydrolyzing the lactate ester groups,
PEG-b-P(NIPAM-co-HPAM) block-random terpolymer wasprepared. Despite the fact that a conventional uncontrolled
FRP was used, copolymers with interesting molecular fea-
tures were synthesized [24].2.7. Synthesis of (A-co-B)-g-C graft terpolymer by ROP
The graft terpolymer poly(4-hydroxyl-e-caprolactone-
co-e-caprolactone)-g-poly(L-lactide), P(HCL-co-CL)-g-PLLA,
was synthesized through the grafting ‘‘from” method by
ROP according to Scheme 10 [25]. Firstly, the P(HCL-
co-CL) random copolymer backbone was synthesized by
copolymerizing a mixture of 2-oxepane-1,5-dione (OPD)
and e-caprolactone (e-CL), using Sn(oct)2 as catalyst. Sub-
sequently, the carbonyl groups of the OPD moieties were
partially modiﬁed to OH functions to generate sites along
the backbone polymer chain. PLLA side chains were then
polymerized from these sites in the presence of Sn(oct)2.2.8. Synthesis of (A-co-B)-g-(C-co-D) graft polymers by ROP
ROP was used to prepare a poly(N-isopropylacrylamide-
co-chloromethylstyrene)-g-2-oxazolines block-random
graft polymers (Scheme 11) [26]. Firstly, the poly(N-isopro-
pylacrylamide-co-chloromethylstyrene) copolymer, P(NI-
PAM-co-CMS), backbone was prepared by conventional
radical polymerization. Secondly, the graft copolymers
were prepared by polymerizing the 2-oxazoline mono-
mers: 2-(2-methoxycarbonylethyl)-2-oxazoline (MEtOxa)
34
MMA-b-P(DEA-co-MAA)
Scheme 8. Synthesis of the star-shaped [P(DEA-co-MAA)-b-PMMA]n-core diblock terpolymer by GTP.
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an activator. The benzyl chloride groups of the P(NIPAM-co-
CMS) backbone were used to generate active sites for the
grafting ‘‘from” copolymerization. The topology of the 2-
oxazoline side chains depends on the synthetic procedure.
When the monomers MEtOxa and EtOxa were added in
the reaction simultaneously, the side chains consisted of
the random copolymer P(EtOxa-co-MEtOxa). On the
contrary, when the monomers were added sequentially in
the reaction vessel, the side chains of the graft copolymer
consisted of the block copolymer PEtOxa-b-PMEtOxa,
[(A-co-B)-g-(C-b-D) type].
3. Amphiphilic block copolymers with tunable
hydrophobicity
Amphiphilic block-random triblock copolymers of the
type A-b-(A-co-B)-b-B were designed and compared with
the A-b-B block copolymer counterpart in order to explore
the effect of microstructure and hydrophobicity change on
the micellization phenomena. Fluorescence spectroscopy,
scanning force microscopy (SFM) and dynamic light scat-
tering (DLS) showed that the spherical micelles, formed
from PMMA-b-P(MAA-co-MMA)-b-PMAA triblock copoly-
mers, had a decreased hydrodynamic radius in comparison
to the PMMA-b-PMAA diblock analogues. This effect was
attributed to a different orientation of the middle P(MAA-
co-MMA) random copolymer block which is located at
the core/corona interface [27].
A series of poly(methyl acrylate)-b-poly(hydroxyethyl
methacrylate-co-dimethylaminoethyl methacrylate),
PMA-b-P(HEMA-co-DMA), diblock terpolymers with vary-
ing the DMA content were prepared by ATRP. A reversible
morphological transition, from disordered spherical mi-
celles to hexagonally packed cylinders to alternatinglamellae, was observed in concentrated aqueous solutions
of the triblock with 75 DMA units by varying temperature.
This phenomenon was ascribed to the increase of the
hydrophobicity of the DMA block by temperature augmen-
tation (LCST effect) which affects the hydrophilicity of the
P(HEMA-co-DMA) random copolymer block. Therefore, by
adjusting the DMA content of the random block of the
terpolymer, one can control the hydrophobic/hydrophilic
balance of the water soluble block, tuning thus the temper-
ature response of their aqueous solutions [28].
It is known that in most of the cases, amphiphilic block
copolymers form frozen micellar self assemblies in aque-
ous solutions which are out of equilibrium structures, un-
able to exchange ‘‘unimers” within the experimental time
window. This could limit the potential applications. A no-
vel strategy to overcome this problem was suggested re-
cently by inserting hydrophilic units in the hydrophobic
block, moderating therefore its hydrophobicity [29]. For
this purpose, poly(nBA-co-AA)-b-PAA (nBA: n-butyl acry-
late) diblock copolymers were designed in order to trans-
form a frozen system (i.e. PnBA-b-PAA) into a dynamic
one, by reducing the interfacial tension between the ‘‘mod-
erately hydrophobic” block and both the hydrophilic block
and the aqueous medium, thus promoting unimer ex-
change. Indeed the P(nBA-co-AA)-b-PAA copolymer under-
goes dramatic and reversible reorganization upon changes
of the ionization degree of the AA units by adjusting pH,
which is required for the system to be dynamic.
4. Segmented polymers with tunable thermo-sensitivity
Double-hydrophilic diblock terpolymers of the type A-
b-(B-co-C) with tunable thermo-sensitive P(EGMA-co-
MMA) random copolymer, covalently bonded with a pH
sensitive PDEA block was designed and explored in
Scheme 10. Synthesis of P(HCL-co-CL)-g-PLLA terpolymer by ROP.
Scheme 9. Synthesis of the PEG-b-P(NIPAM-co-HPAM) diblock terpolymer by FRP.
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responsive behavior to temperature, pH and ionic strength
(Fig. 1). At low pH, where the PDEA is protonated (poly-
electrolyte state), intermolecular self assembly occurs
above the LCST of the random block, leading to micelle for-
mation. The LCST can be tuned at will by varying the
hydrophobic content (MMA moieties) of the copolymer,
i.e. LCST decreases by increasing MMA content. On the
other hand, at temperatures below the LCST of the random
copolymer, the terpolymer is pH sensitive forming again
micelles at high pH (above pKa of PDEA). In this case, the
micellar core is formed by the PDEA blocks and the soluble
corona by the P(EGMA-co-MMA) chains. It was observed
that the copolymer composition controls, not only the LCST
of the block, but also the hydrophilic/hydrophobic balance
of the corona chains which affects the micellar characteris-
tics, i.e. aggregation number.
Gold nanoparticles protected by diblock terpoly-
mers bearing thermo-sensitive polyphosphoester random
copolymer block were prepared and evaluated [30].
Core–shell nanoparticles, comprising gold core surrounded
by a MPEG-b-P(EEP-co-PEP) shell, exhibited tunable col-
lapse temperature which was adjusted by the relative ratioof the PEP component of the random block. These gold
nanoparticles exhibit good biocompatibility and may be
useful for biomedical applications.
Poly(ethylene oxide)-b-poly(ethoxytri(ethylene gly-
col)acrylate-co-o-nitrobenzyl acrylate), PEO-b-P(TEGEA-
co-NBA), is a double hydrophilic block-random terpolymer
that shows both thermo- and light-sensitivity [18]. At low
temperatures, the block copolymer is molecularly dis-
solved in the aqueous solution, while it forms stable spher-
ical micelles at temperatures higher than the LCST of the
thermo-sensitive block P(TEGEA-co-NBA). The study of
the formation or the deformation of the PEO-b-P(TEGEA-
co-NBA) micelles due to temperature changes proved a
reversible thermo-induced micellization phenomenon.
Upon UV irradiation of the PEO-b-P(TEGEA-co-NBA)
formed micelles above LCST, photocleavage of the o-nitro-
benzyl group of the light sensitive block P(TEGEA-co-NBA)
lead to the dissociation of the micelles, as the new LCST of
the random block increased at higher values. At tempera-
tures above the new LCST, the block copolymer formed
again stable micelles. At higher concentrations, this
copolymer exhibited multiple sol–gel–sol transitions due
to temperature changes and UV irradiation [31]. At low
Scheme 11. Synthesis of graft P(NIPAM-co-CMS)-b-P(EtOxa-co-MEtOxa) and P(NIPAM-co-CMS)-b-P(EtOxa-b-MEtOxa) terpolymers by ROP.
Fig. 1. Schematic representation of the responsive behavior of the pH/
thermo-sensitive P(EGMA-co-MMA)-b-PDEA diblock terpolymer in aque-
ous environment.
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at higher temperatures (>LCST), the solution transformed
into a gel.
Jiang and Zhao reported the properties of a thermo- and
pH-sensitive block copolymer consisted of a poly(ethylene
oxide) and a poly(methoxydi(ethylene glycol) methacry-
late-co-methacrylic acid) block, PEO-b-P(DEGMA-co-MAA)
[32]. In aqueous solution of pH 4.0 and low temperatures
(629 C), the terpolymer had a very low apparent hydrody-
namic size which indicates that the block copolymer is in
molecularly dissolved state. As the temperature increased,
the formation of both unimers and micelles was observed.
Upon further heating (T  34 C), only micelles with a sta-
bilized size were formed. By decreasing the temperature,
the micelles dissociated back into unimers, indicating that
the thermo-induced micellization is reversible. In order to
study the pH-sensitivity of this copolymer, Zhao et al.
changed the pH of the medium at T = 34 C from pH 4 to
5.4. Immediately after the pH increase, the hydrodynamic
size of the micelles decreased to very low values, indicat-
ing the dissolution of the micelles. By increasing the tem-
perature at higher values (34 C < T < 50 C), micelles with
C. Tsitsilianis et al. / European Polymer Journal 47 (2011) 497–510 505stabilized size were reformed. Since the thermo-induced
micellization is reversible, the above mentioned formed
micelles rediassociated to unimers by decreasing tempera-
ture at 34 C. Moreover, by decreasing pH to 4, micelles of
the same size were reformed, indicating that the pH-
induced transition is reversible. In conclusion, PEO-b-
P(DEGMA-co-MAA) exhibits micellization and dissociation
transitions by controlling the temperature and the pH of
the medium.
The swelling behavior of diblock and triblock copoly-
mers of PS, and P(HEMA-co-DMA), with varied DMA con-
tent was studied. These copolymers are pH responsive
thanks to the DMA monomer. The triblock PS-b-P(HEMA-
co-DMA28)-b-PS showed pH-sensitive swelling behavior
in aqueous solutions, i.e. the swelling was more extended
by decreasing pH. The hydrophobic PS domains act as
physical cross-links that retain the lamellar morphology
of the solid state. In the case of PS-b-P(HEMA-co-DMA75)-
b-PS triblock terpolymer, the increase of the DMA content
resulted in a greater swelling behavior. Unlike PS-b-
P(HEMA-co-DMA75)-b-PS, the PS-b-P(HEMA-co-DMA75)
diblock terpolymer was unable to maintain its macroscopic
integrity upon protonation of DMA, as the P(HEMA-
co-DMA75) block was no longer anchored by PS glassy
microdomains at both ends [20].
Poly(butanedioic acid, 1-[3-[(2-methyl-1-oxo-2-pro-
pen-1-yl)oxy] propyl] ester)-b-poly(methoxydi(-ethylene0
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Fig. 2. AFM topographies and corresponding particle size distributions of micella
diblock terpolymers at different pH regions below and above the iep of the polyam
particles with negatively charged corona.glycol) methacrylate-co-4-methyl-[7-methacryloyl) oxy-
ethyloxy] coumarin), PSPMA-b-P(DEGMA-co-CMA), is a
multifunctional block-random terpolymer that consists of
the pH-responsive PSPMA, the thermo-responsive PDEG-
MA and the photo-sensitive PCMA polymers [33]. At a
basic environment (pH 10) and at low temperature
(T = 15 C), the copolymer showed a low intensity-average
hydrodynamic diameter since the copolymer was molecu-
larly dissolved in the aqueous solution. As the temperature
increased above the LCST of the P(DEGMA-co-CMA) block,
the terpolymer self-assembled, leading to the formation
of micelles with P(DEGMA-co-CMA) core and PSPMA coro-
na. On the other hand, in acid solution, the carboxylate
groups of the PSPMA block are protonated. For pH lower
than 5 the PSPMA block becomes hydrophobic and under
these circumstances, PSPMA core and P(DEGMA-co-CMA)
corona micelles were formed. Upon UV irradiation, dimer-
ization occurs and these micelles are cross-linked.
Another copolymer that shows pH- and thermo-sensitiv-
ity is the chitosan-g-poly(N-isopropylacrylamide-co-acrylic
acid) graft terpolymer, chitosan-g-P(NIPAM-co-AA) [34]. The
terpolymer was completely dissolved in a solution at pH 4.2
and at room temperature, as both the backbone (chitosan)
and the side chains P(NIPAM-co-AA), were hydrophilic and
hydrated. As the temperature of the solution increased, i.e.
at T > 33 C, the P(NIPAM-co-AA) block becamehydrophobic
and dehydrated inducing micellization. At T = 25 C, by20 40 60 80 100
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r nanoparticles formed from PMMA149-b-P(DEA128-co-MAA90) amphiphilic
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Fig. 3. pH dependence of zeta-potential of core-[MMA48-b-(DEA31-co-
MAA26)]32 block-random star terpolymer in aqueous solutions of 0.5 wt.%
at 25 C (a) and schematic representation of positively and negatively
charged unimolecular micelles below and above the iep of the polyam-
pholyte, respectively (b).
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Fig. 4. Schematic representation of the responsive behavior of the pH/
thermo sensitive double hydrophilic P(DEA16-co-MAA33)-b-PEGMA79
diblock terpolymer in aqueous environment. This random block terpoly-
mer self assembles forming neutral, positively and/or negatively charged
micelles at different conditions.
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turned into a gel-like ﬂuid. By further increasing the pH at
9.2, the gel-like ﬂuid turned again into a solution and chito-
san-core micelles were formed.
Graft terpolymers based on poly(N-isopropylacrylam-
ide-co-chloromethylstyrene) and 2-alkyl-oxazolines
(EtOxa/MEtOxa either as random or block copolymers) dis-
tributed in the side chains, show double thermo-respon-
sive behavior. The P(NIPAM-co-CMS)-g-POxa copolymers
exhibit two different transition temperatures (Ttr); the ﬁrst
one occurs because of the P(NIPAM) groups on the back-
bone and the second one is attributed to the thermo-
sensitivity of the polyoxazoline side chains [26].
P(NIPAM-co-CMS)-g-POxa with different molar compo-
sition of oxazolines in the side chains were studied. As far
as the ﬁrst Ttr is concerned, in the case of P(NIPAM-
co-CMS)-g-P(EtOxa-co-MEtOxa), it was observed that the
Ttr was related to the PNIPAM thermo-responsive behavior
and was less inﬂuenced by the oxazoline side chains. How-
ever, an increase in the value of Ttr was observed when the
MEtOxa groups were hydrolyzed. Moreover, in the P(NI-
PAM-co-CMS)-g-P(EtOxa-b-MEtOxa) graft polymers, the
Ttr was slightly lower than that of the P(NIPAM-co-CMS)-
g-P(EtOxa-co-MEtOxa) and the temperature region was
narrower in the latter case.
The second Ttr was related to the LCST of the oxazoline
groups and it was observed at T > 60 C. The dependence
on the content of the side chains was not obvious in thecase of the random copolymer grafts. However, when the
side chains are block copolymers, it was seen that Ttr in-
creased with increasing the EtOxa content. These copoly-
mers formed stable micelles or micelle-like structures at
the temperature region between the two different Ttr.
Above the second Ttr, these micelles were no more stable.
5. Segmented polymers bearing random polyampholyte
blocks
A variety of block-random terpolymers constituted of
homopolymer and random copolymer polyampholyte
building blocks in different architectures and topologies
were synthesized by GTP. The polyampholyte blocks were
prepared by copolymerizing 2-(diethylamino)ethyl meth-
acrylate (DEA)/t-butyl methacrylate monomer mixtures,
the latter transformed to methacrylic acid (MAA) repeating
units by postpolymerization acidic hydrolysis. The ampho-
lytic character of the P(DEA-co-MAA) block is due to the
ionogenic nature of these monomers, i.e. PDEA is proton-
ated at low pH behaving as a cationic weak polyelectrolyte,
whereas PMAA is deprotonated at high pH behaving as
weak anionic polyelectrolyte. Thus the sign and charge
density of the P(DEA-co-MAA) block is highly pH sensitive.
Combining the polyampholyte segment with a hydro-
phobic block (PMMA), an amphiphilic PMMA149-b-
P(DEA128-co-MAA90) triblock terpolymer was prepared
exhibiting pH-responsive behavior [35]. Three different
pH regions were observed: the low pH (pH < 8) character-
ized by solutions of positive z-potential, the high pH
(pH > 9) with solutions of negative z-potential and the
intermediate pH (8 < pH < 9) that coincides with the neigh-
borhood of the isoelectric point (iep) of the polyampholyte
blocks. In the latter region, the oppositely charged moieties
are neutralized and the terpolymer precipitates (hydropho-
bic state). DLS and atomic force microscopy (AFM) showed
that in both one-phase regimes, the PMMA149-b-P(DEA128-
Fig. 5. SEM imaging of dispersed MWCN and embedded on mica from acidic aqueous P(DEA16-co-MAA33)-b-PEGMA79 diblock terpolymer solutions. In the
digital photograph: MWCN aqueous dispersion in the presence (right) and in the absence (left) of the terpolymer.
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tions, forming spherical core–shell micellar nanoparticles.
These particles differ in the electric nature and charge den-
sity of their corona (positively and negatively charged at
low and high pH, respectively) while both have a PMMA
hydrophobic core. Therefore, pH-responsive nanoparticles
(frozen micelles) with changeable corona charge sign
(amphoteric behavior) can be formed by these amphiphilic
terpolymers (Fig. 2). This unique behavior resembles that
exhibited by the double-hydrophilic diblock copolymers
named ‘‘schizophrenic”, but without the alternation of
the different blocks in the core upon pH change [36].
An interesting feature of star-shaped amphiphilic block
copolymers with high number of arms and appropriate
topology of the hydrophobic segments, is that they can
form unimolecular micelles, as their architecture can mi-
mic the core–shell micellar structure [37,38]. This property
enables the production of irreversible nano-structured mi-
celles with pre-designed ﬁxed structure, that can survive in
selective media at relatively high concentrations without
association and at inﬁnite dilution without dissociation.
Inspired by the above concept, block-random star
terpolymers bearing 32 PMMA48-b-P(DEA31-co-MAA26)
arms of Mw = 430,000 (Mn/Mw = 1.26), with PMMA seg-
ments close to the star core, core-[MMA48-b-(DEA31-
co-MAA26)]32, were synthesized and explored in aqueous
solutions. Electrophoresis experiments of 0.5 wt.% polymer
aqueous solutions showed that the polyampholyte seg-
ments exhibit iep at pH 7.8, deﬁning a precipitation region
at 7.5 < pH < 8.3 (Fig. 3). Below and above this region, the
star polymer forms mainly unimolecular micelles consti-
tutedof PMMAhydrophobic cores, surroundedbypositively
and negatively charged corona respectively (schematics inFig. 3). DLS of dilute solutions showed that the hydrody-
namic radius of these unimolecular micelles is 15 nm in
both cases.
Depending on the nature of their hydrophilic part, three
types of surfactants exist: anionic, cationic and non-ionic.
Motivated by the block-random architecture, a novel ‘‘uni-
versal” polymeric surfactant was designed that can exhibit
all the mentioned types at different environmental condi-
tions (Fig. 4). A diblock terpolymer topology was chosen,
composed of a random polyampholyte block covalently
bonded with a thermo-sensitive homopolymer block, i.e.
P(DEA16-co-MAA33)-b-PEGMA79 [35]. At low temperature,
this copolymer is molecularly dissolved out of the isoelec-
tric region of the polyampholyte block, (double hydrophilic
behavior). At the iep, it is transformed to amphiphilic (neu-
tralization of polyampholyte) and spontaneously self
assembles, forming micelles as observed by electrophore-
sis and DLS. On the other hand, at temperatures higher
than the LCST of PEGMA79 (tunable by the ionic strength),
this terpolymer behaves as cationic surfactant at pH below
iep, as well as anionic surfactant at pH above iep. In both
cases, hydrophobic association of PEGMA79 blocks takes
place leading to the formation of multimolecular crew-
cut micelles [39] of low size polydispersity (0.1) with
apparent RH of 135 and 212 nm, respectively.
The surfactant efﬁciency of P(DEA16-co-MAA33)-b-PEG-
MA79 was evaluated by exploring its ability to disperse car-
bon nanotubes in water. As can be seen in Fig. 5 (upper
left), stable aqueous dispersions of multiwalled carbon
nanotubes (MWCN) were prepared in the presence of the
terpolymer at pH 3 and low temperature (molecular dis-
solved state). Scanning electron microscopy images of
exfoliated carbon nanotubes dispersed in aqueous dilute
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Fig. 6. (a) pH dependence of the hydrodynamic diameter of the charged
aggregates formed from PMMA86-b-P(DEA190-co-MAA96)-b-PMMA86 tri-
block terpolymer in water (a). The shadowed area denotes the iep region
(zero z-potential) in where the oppositely charged moieties of the
polyampholyte random block are neutralized inducing precipitation of
the polymer. TEM images of associated triblock terpolymers from very
dilute solutions embedded on carbon grids from the different pH regimes:
pH 3.3 (b), pH 9 (c). The scale bars indicate 200 nm.
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conﬁrmed the surfactant efﬁciency of the polymer (Fig. 5).
The most likely reason of MWCN stabilization in aqueous
media is the electronic repulsions exerted by the positively
charged protonated DEA moieties. Thus we should assume
that the PEGMA blocks interact hydrophobically with thenano-tube surface, likely through the end-methyl groups
of the oligo-ethylene glycol pendant chains.
Random polyampholytes end-capped by hydrophobic
segments were synthesized by GTP and evaluated as pH-
responsive gelators. The PMMA86-b-P(DEA190-co-MAA96)-
b-PMMA86 triblock terpolymer self assembles in dilute
aqueous solution through hydrophobic intermolecular
interaction forming aggregates, as expected from its
amphiphilic nature. The micellar characteristics depend
on pH as depicted in Fig. 6, where the hydrodynamic diam-
eters have been plotted as a function of pH. This behavior is
due to the electrostatic interactions among the oppositely
charged moieties of the polyampholyte segment which
varies with pH. In the vicinity of the iep (pH 8.3), the poly-
mer precipitated due to neutralization of the opposite
charges. By moving away from the iep region, either at low-
er or higher pH values, the size of the aggregates increased
as demonstrated in Fig. 6. A plausible interpretation of this
effect is that as the pH is shifted far from the iep, positive or
negative charges predominate and the degree of ionization
increases. Thus, repulsive electrostatic interactions of the
same charge sign play signiﬁcant role on the morphology
self-assembly of the terpolymer. TEM experiments re-
vealed that large irregular aggregates were formed at low
pH. The structure of these aggregates seems to be that of
a microgel i.e. ﬁnite size network consisting of PMMA
hydrophobic domains bridged by P(DEAH+-co-MAA)
chains. On the contrary, at high pH the terpolymer formed
micelles of 20 nm in diameter. These results should ac-
count for the interplay of the hydrophobic attractive inter-
actions of the PMMA end-blocks and the repulsive
electrostatic interactions along the hydrophilic central
P(DEA190-co-MAA96) chain which changes upon pH varia-
tion. In low pH, the electrostatic interactions favor bridging
between neighboring PMMA hydrophobic nanodomains.
However, in high pH, PMMA hydrophobic attractions pre-
dominate due to less stretched conformation of the hydro-
philic block (DEA is hydrophobic and DPn of MAA is lower)
and backfolding of the P(DEA-co-MAA) chains can occur,
leading to ﬂower like micelles.
Solid ﬁlms, casted from hot pressing and annealed at
temperatures higher than the Tgs of the blocks, showed
high water absorption ability depending on the pH of
water. At pH < iep the ﬁlm uptakes water about 70 times
its weight after 45 min. Lower amount of water was uptak-
en at pH > iep. Again, these differences should account for
the higher number of DEA ionized units (low pH) with re-
spect to the MAA ones (high pH), exhibiting higher swell-
ing ability in the former case.
Rheological investigation of 3 wt.% aqueous solutions at
pH 3 and 11 showed that this amphiphilic triblock terpoly-
mer formed free standing gels composed of PMMA hydro-
phobic domains and solvated charged hydrophilic chains
(elastically active), either positively charged (pH < iep) or
negatively charged (pH > iep). The zero shear viscosity of
these physical gels was higher than 105 Pa s, which is more
than eight orders of magnitude higher than that of the
medium, showing the strong thickening ability of this kind
of gelators.
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In this feature article, the signiﬁcant progress made
the recent years on the segmented macromolecules
bearing homopolymer and random copolymer blocks is
highlighted. Thanks to the great progress of macromolecu-
lar engineering, especially the signiﬁcant development of
the ‘‘living”/controlled polymerization methods, novel
synthetic routes have been opened towards the rational
design of ‘‘smart” macromolecules, capable to self
assemble and respond to external stimulus in aqueous
environment. The use of random copolymers as building
blocks in macromolecular design give further opportuni-
ties to tune the properties of the building blocks, i.e.
thermo-sensitivity, hydrophobicity, charge sign and
electrostatic interactions, glass transition temperature
etc., targeting to novel polymeric materials for speciﬁc
applications. To our opinion, these segmented polymers
should constitute a speciﬁc family of block copolymers,
termed block-random, to distinguish them from the classi-
cal block copolymers.
Preliminary novel results dealing with random block
segmented macromolecules of various topologies that bear
random polyampholyte blocks are also presented. An
amphiphilic multiarmed star-shaped block terpolymer of
the type core[MMA48-b-(DEA31-co-MAA26]32 was prepared
by GTP and evaluated in aqueous dilute solutions as a func-
tion of pH. Thanks to the polyampholyte nature of the out-
er blocks and the high number of arms, the preferable
structure it adopts in water, is that of unimolecular micelle
with changeable charge density and sign, depending on pH
of the aqueous medium.
A block-random PMMA86-b-P(DEA190-co-MAA96)-
b-PMMA86 triblock terpolymer with pH responsive central
chains was prepared, aiming to design an amphiphilic
gelator with changeable charge density and sign of the po-
tential elastic chains of the network, formed through
hydrophobic interactions in aqueous semi-dilute solutions.
Indeed, this terpolymer exhibits strong swelling ability in
acidic as well as in basic conditions, forming transparent
free standing reversible hydrogels.
The above results, as well as those of other research
groups surveyed in this article show unambiguously that
novel polymeric materials of tunable functionality target-
ing to advanced applications can be designed by using ran-
dom copolymers as building blocks in segmented polymers
of various topologies.Acknowledgments
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